cx-N-(3-Acyloxyacyl)-ornithine (Orn-L) is an amphipathic substance derived from various gram-negative bacteria, including Flavobacterium meningosepticum (8, (11) (12) (13) . ot-N-(3-Acyloxyacy) serine (Ser-L), which is an analog of Orn-L, is rarely present in bacteria (12) . These lipoamino acids are similar in chemical structure to the lipid A moiety of bacterial endotoxin (9) . The lipoamino acids strongly activate murine peritoneal exudate macrophages to generate prostaglandin E2 (PGE2) and interleukin-1 and exhibit strong B-lymphocyte mitogenicity. However, they show limited ability to induce the generation of tumor necrosis factor (TNF) and to injure EL-4 leukemia cells. Furthermore, neither exhibits lethal toxicity in mice. These results have been reported previously (9) . On the other hand, endotoxin is known also to exhibit all of these activities (4, 18, 19) .
In this report we describe the protective effect of lipoamino acids from F. meningosepticum against lethal endotoxemia in mice. We discuss the mechanism of this protective effect.
MATERIALS AND METHODS
Lipoamino acids. Orn-L and Ser-L were prepared from F. meningosepticum; their structures are 3-hydroxyisoheptadecanoic acid amide linked to ornithine or serine at the ot position and esterified to isopentadecanoic acid, as shown previously (9, 12) . Just before use, the lipoamino acids were converted to liposomes (11) .
Reagents. Phenol-extracted lipopolysaccharide (LPS) from Escherichia coli O111:B4 and zymosan A were obtained from Sigma Chemical Co TNF activity was assayed as described previously (9) . In brief, L929 cells were cultured with the twofolddiluted samples for 20 h in the presence of actinomycin D. Then L929 cell lysis was determined by staining the remaining cells with 0.5% (wt/vol) crystal violet solution. The A570 of the dye released from the stained, unlysed cells into 1% (wt/vol) sodium dodecyl sulfate solution was determined. One unit of cytolytic activity was defined as the dilution of the sample that caused 50% cell lysis.
RESULTS
Protection of mice from lethal endotoxemia by lipoamino acids. When Orn-L (7 mg) or Ser-L (7 mg) was intraperitoneally or intravenously injected into ICR mice, none of mice died. The lethal intravenous and intraperitoneal doses of LPS from E. coli were 250 and 450 ,ug, respectively.
We examined whether the lipoamino acids could protect mice against the toxicity of the bacterial endotoxin. Although all of the mice died 1 or 2 days after intravenous injection of 250 pug of the endotoxin only, the mice were saved when given 250 or 500 jig of Orn-L or 250 jig of Ser-L intravenously 1 h before the administration of endotoxin (Table 1) . When Orn-L was administered 2.5 h before or 0.5 h after intravenous administration of 250 jig of the endotoxin, protection was also observed. Protection also resulted with intraperitoneal administration of lipoamino acids (Table  2) . However, the degree of protection with intraperitoneal administration was lower than that with intravenous administration.
In these experiments, the results obtained with ICR mice were very similar to those obtained with BALB/c mice.
Histological study of livers of mice treated with lipoamino acids and LPS. One day after intravenous or intraperitoneal injection of the lipoamino acids, the light microscopic features of the livers were almost normal, except for occasional accumulation of neutrophils and increased amounts of lipid droplets in the hepatocytes (Fig. 1B) . Electron microscopically, Kupffer cells 1 h later had many lysosomes and phagolysosomes that contained the liposomal micelles and some unidentified dense materials (Fig. 2) . The cells showed well-developed cytoplasmic projections and many endocytic vesicles, which were formed by ruffle movements of the projections. The liposomal inclusion was found also in the lysosomes of the neutrophils, but the amount was small.
Either intravenous or intraperitoneal administration of LPS caused hepatocellular damage 1 day later (Fig. 1C) . Neutrophils, mononuclear cells, and erythrocytes accumulated in the necrotic regions. In degenerated hepatocytes, cell organelles such as mitochondria and endoplasmic reticulum were swollen and showed many vacuoles, vesicules, and areas lacking cytoplasm ( Fig. 3A and B) . Neutrophils often migrated out of the sinusoids, making contact with degenerating hepatocytes. Kupffer cells, which were usually inside the sinusoid, came into contact with the damaged hepatocytes and often extended their projections into the hepatocytes. Kupffer cells contained many dense phagolysosomes. Monocytes and lymphocytes were also seen frequently. The LPS-induced liver injury was the same as that observed by other investigators (15, 16 intravenous administration of lipoamino acids ( Fig. 3C and  D) . Dense inclusions of the Kupffer cells and the undigested cell debris in the phagocytes were observed in the livers of these lipoamino acid-treated mice. In the hepatocytes of the lipoamino acid-treated mice, an increased number of lipid droplets was shown.
In vivo and in vitro suppression of LPS-induced TNF generation by lipoamino acids. We examined whether generation of TNF can be induced in vivo by lipoamino acids. When 700 jig of Orn-L was intraperitoneally injected into mice, TNF activity was not detected in sera during the 20-h observation period, whereas generation of TNF was induced by LPS administration (Fig. 4) . The highest TNF activity was observed 1.5 h after the administration of LPS. We obtained blood from mice 1.5 h after the administration of LPS only, Orn-L only, or Orn-L plus LPS 1 h later, and we determined the respective TNF activities in the sera (Table  3) . As stated above, the TNF activity was not detected in normal serum or in the sera of mice that were given Orn-L only. In contrast, the mice given LPS only showed high TNF activity (1,000 U/ml). The TNF activity of the mice given both Orn-L and the LPS was very low, indicating that LPS-induced TNF generation was suppressed by Orn-L.
In addition, the in vitro effect of the lipoamino acids on LPS-induced TNF generation was examined. When Ser-L (50 Fg/ml) was added to the murine P-PEM 1 h before the addition of LPS (1 ,ug/ml), LPS-induced TNF generation was completely suppressed (Table 4) . A similar suppressive effect of Ser-L was observed in the experiment with the medium containing indomethacin. No difference was observed between the results with P-PEM and those with T-PEM.
The TNF activities in vitro were generally lower than those in vivo. There was a possibility that TNF was soaked up by the lipoamino acids, but this was refuted by our finding that the TNF activity of human recombinant TNF-cx did not decrease after incubation with the lipoamino acids at 37°C for 8 h.
We examined whether the induction of TNF by zymosan A and whole cells of S. aureus could be suppressed by the lipoamino acids in vitro. When Ser-L or Orn-L (100, 50, or 10 ,ug/ml) was added 1 h before or after the addition of these TNF inducers, the generation of TNF induced by these inducers was not suppressed.
To confirm TNF activity, the sera from LPS-injected mice or the supernatants of LPS-stimulated PEM were mixed with equal volumes of the anti-murine TNF-a antibody (104 U/ml), incubated at 37°C for 30 min, and then assayed for TNF activity. The TNF activities in the sera and the supernatants were completely neutralized by the antibody.
DISCUSSION
In this study, we showed that Orn-L or Ser-L is able to protect mice from lethal endotoxemia. Histological observations confirmed the efficacy of the lipoamino acids. The protective effect of the lipoamino acids was shown to be based on the suppression of the LPS-induced TNF generation. Several investigators reported that anti-TNF antibodies save animals from death by septicemia (2, 23) and that TNF itself causes symptoms similar to those caused by endotoxin in animals, such as hypotension, fever, metabolic acidosis, leukopenia, and shock (1, 15, 18, 19, 22) . Damage of hepatocytes caused by LPS is thought to be largely the same as that caused by TNF. These studies suggested that TNF may be a major factor in lethal endotoxemia.
The lipoamino acids may be antagonistic to LPS, because of the structural similarity between the lipid A moiety of LPS b In this case, the TNF activities of serum samples from individual mice were determined 1.5 h after administration of LPS. and the lipoamino acids. In this regard, we examined the effects of the lipoamino acids on TNF induction by zymosan A and S. aureus; however, the lipoamino acids did not suppress the TNF generation induced by these agents. These results suggest that suppression of TNF generation by lipoamino acids may be specific for LPS. Furthermore, Orn-L was more effective than Ser-L in the protection of mice against lethal endotoxemia. Although Orn-L and Ser-L contain the same fatty acids, the polar head of Orn-L, ornithine, is more similar to glucosamine of lipid A in molecular size than serine is, as reported previously (9, 12) . No necrosis was observed when the lipoamino acids were administered before LPS, whereas definite necrosis was observed after administration of LPS only, suggesting that the lipoamino acids antagonistically block the attack on the liver by LPS.
PGE2 is known as an inhibitor of TNF release from macrophages and monocytes (14) . The lipoamino acids and LPS activate macrophages to generate PGE2 (9) . In this study, the generation of TNF by P-PEM was inhibited by the lipoamino acids in the presence of indomethacin. In addition, the suppression of TNF generation occurred in T-PEM, which exhibit usually lower PGE2-generating ability than P-PEM. These results eliminate the possibility that PGE2 suppresses TNF.
There are some nontoxic lipid A analogs, such as lipid X (5, 6, 17, 20) and Rhodopseudomonas sphaeroides lipid A (21) , which also protect mice against lethal endotoxemia. However, the polar heads of Orn-L and Ser-L are amino acids unlike those of these substances, and their fatty acid chains are longer than those of lipids X and A. Orn-L and Ser-L may be significant in the study of the minimum structural requirements for protection against endotoxemia.
Circulating LPS is known to be mainly taken up by Kupffer cells, which detoxify it; at the same time, the Kupffer cells are activated (24) . When the lipoamino acids were intravenously or intraperitoneally administered in the form of the liposomes, they were mainly incorporated into lysosomes of Kupffer cells in the liver and induced several morphological changes that indicated the activation of macrophages; i.e., their cytoplasmic projections became prominent, the endocytic vesicles were numerous, and the number of lysosomes increased. The lipoamino acids would activate Kupffer cells and be digested there, as seen in mycolic acid-containing glycolipids (7) .
In the protection tests, 500 p.g of Orn-L was the most effective intravenous protective dose against the intravenous lethal dose of LPS. Larger intravenous doses of Orn-L or Ser-L were nonprotective (Table 1) . This may be due to the participation of other cytokines such as interleukin-1 (9) and interleukin-6.
In conclusion, Orn-L and Ser-L may be useful immunomodulators and good blocking agents against endotoxemia.
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ADDENDUM IN PROOF
It is generally presumed that LPS-induced liver injury is caused by the effect of TNF-a. In this regard, Nagakawa et al. (J. Nagakawa et al., 3rd International Conference on TNF and Related Cytokines, Chiba, Japan, 1990) reported that anti-TNF-a antibody inhibited LPS-induced liver injury while anti-interleukin-1 antibody did not. We therefore suggest that the protective effects of lipoamino acids reported in this study may be due to their ability to induce strong interleukin-1 responses but weak TNF-a. production in mice. These two studies suggest that TNF may be the major mediator of lethal endotoxemia and septicemia in LPStreated mice.
